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Abstract A variety of data based on hydrographic measurements, satellite observations, reanalysis data-
bases, and meteorological observations are used to explore the interannual variability and factors governing
the deep water formation in the northern Red Sea. Historical and recent hydrographic data consistently
indicate that the ventilation of the near-bottom layer in the Red Sea is a robust feature of the thermohaline
circulation. Dense water capable to reach the bottom layers of the Red Sea can be regularly produced
mostly inside the Gulfs of Aqaba and Suez. Occasionally, during colder than usual winters, deep water for-
mation may also take place over coastal areas in the northernmost end of the open Red Sea just outside the
Gulfs of Aqaba and Suez. However, the origin as well as the amount of deep waters exhibit considerable
interannual variability depending not only on atmospheric forcing but also on the water circulation over
the northern Red Sea. Analysis of several recent winters shows that the strength of the cyclonic gyre prevail-
ing in the northernmost part of the basin can effectively inﬂuence the sea surface temperature (SST) and
intensify or moderate the winter surface cooling. Upwelling associated with periods of persistent gyre circu-
lation lowers the SST over the northernmost part of the Red Sea and can produce colder than normal winter
SST even without extreme heat loss by the sea surface. In addition, the occasional persistence of the
cyclonic gyre feeds the surface layers of the northern Red Sea with nutrients, considerably increasing the
phytoplankton biomass.
1. Introduction
Deep water renewal is vital for the marine ecosystems throughout the global ocean. Rich in atmospheric
oxygen, waters from the sea surface can reach the bottom after becoming dense enough to penetrate the
underlying layers. The so-generated thermohaline circulation fuels the overturning oceanic conveyor belt,
redistributes the heat, and recycles oxygen and nutrients in the ocean. The sustainability of the global over-
turning circulation is a fundamental factor for the earth’s climatic stability. Like the global ocean, marginal
seas also rely on the thermohaline circulation for their deep water renewal. Especially for oligotrophic
marine ecosystems like the one of the northern Red Sea [Acker et al., 2008; Labiosa et al., 2003; Raitsos et al.,
2013], deep mixing has a twofold effect intimately associated with the basin ecosystem functioning. It venti-
lates the near-bottom layer and transfers signiﬁcant amounts of nutrients from deeper layers to the
nutrient-depleted surface, resulting in a signiﬁcant increase in phytoplankton biomass (the foundation of
the marine food chain). Concurrently, dense water formation is of great importance for the regional climate
as it reﬂects the response of the surface waters to the winter atmospheric forcing.
The elongated Red Sea basin (Figure 1) is a typical example of a semienclosed marginal sea which
exchanges water with the Indian Ocean. Water with relative low salinity enters the basin in a surface layer
through the strait of Bab El Mandeb at its southern end, while saltier water ﬂows out underneath to the Gulf
of Aden [Murray and Johns, 1997; Matt and Johns, 2007; Johns and Soﬁanos, 2012; Churchill et al., 2014; Yao
et al., 2014a,b]. As evaporation exceeds by far precipitation throughout the Red Sea, the northward ﬂowing
fresher water becomes gradually saltier with salinity higher than 40 to the far north [Morcos, 1970; Woelk
and Quadfasel, 1996; Pl€ahn et al., 2002; Soﬁanos and Johns, 2007]. It is in the far north, mostly inside the gulfs
of Aqaba (Eilat) and Suez, where the hypersaline surface water experiences the winter atmospheric forcing
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[Woelk and Quadfasel, 1996; Soﬁanos and Johns, 2003; Biton and Gildor, 2011a,b; Papadopoulos et al., 2013,
Abualnaja et al., 2015] and becomes cold and dense enough to sink, reaching intermediate and near-
bottom layers.
Intermediate water is believed to form regularly every winter over the open northern Red Sea and travels
back to the south. This water ﬂows out to the Gulf of Aden and to the Indian Ocean as the Red Sea Outﬂow
Water (RSOW), the main subsurface branch of the Red Sea overturning circulation [Eshel et al., 1994; Eshel
and Naik, 1997; Soﬁanos and Johns, 2003, 2007; Yao et al., 2014a,b]. Below the intermediate water lies the
Red Sea deep water which occupies the most of the water column from about 200 m to the bottom
throughout the basin [Soﬁanos and Johns, 2007].
The mechanism of the deep water formation has been a controversial issue for more than half a century.
Thus far, several theories have been introduced based on scarce direct hydrographic data or using tracers
to locate the source of the deep waters. It is most likely that dense water, with the potential to renew and
ventilate the near-bottom layers of the Red Sea, can be produced only within the Gulfs of Aqaba and Suez
at the northernmost edge of the basin during winter [Wyrtki, 1974; Cember, 1988; Woelk and Quadfasel,
1996; Clifford et al., 1997; Pl€ahn et al., 2002; Manasrah et al., 2004; Biton and Gildor, 2011a]. However, direct
observations required to describe in detail the mechanism of deep water formation in the northern basin
are still factually missing.
The current study employs a wide range of observations and reanalysis data to highlight the regularity of
the deep ventilation of the Red Sea and address factors affecting the interannual variability of the deep
water renewal. We identify potential origins and pathways of the densest Red Sea waters and address fac-
tors that regulate substantially the amount of deep water produced every winter in the northern Red Sea.
The manuscript is organized as follows. Section 2 refers to data employed in the study and the methodol-
ogy adopted. Section 3 provides evidence of regular dense water formation over the northern Red Sea. In
section 4, several winter events are analyzed, while section 5 outlines factors with the potential to modulate
the deep water formation. Section 6 provides a summary of the results emerging from the study and
addresses issues that remain unresolved.
2. Data and Methods
2.1. The Data Sets
Hydrographic data used in this study come from six recent cruises carried out by the Greek Research Vessel
AEGAEO in the Red Sea in March 2010, September 2011, November 2012, November 2013, March 2013, and
March 2015. These cruises were conducted by the Saudi Arabian Universities, King Abdullah University of
Science and Technology (KAUST) and King Fahd University of Petroleum and Minerals (KFUPM). We also
Figure 1. The location of the Red Sea, the line of hydrographic stations repeatedly carried out in November 2013 and March 2015, and the
areas of spatially averaged MODIS SST (shadowed). Stations NRS-4, NRS-3, and NRS-2 coincide with stations carried out during KAUST 2010
and 2011, and KFUPM 2012 expeditions.
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refer to hydrographic data collected during several historic oceanographic cruises in the Red Sea [Morcos,
1970; Morcos and Soliman, 1974; Wyrtki, 1974; Cember, 1988; Woelk and Quadfasel, 1996; Manasrah et al.,
2004; Soﬁanos and Johns, 2007].
Monthly mean air-sea net heat ﬂux is calculated by summing the four ﬂux components as retrieved by the
NASA Modern Era Retrospective-Analysis for Research and Applications (MERRA) [Rienecker et al., 2011]. In
addition, monthly mean turbulent air-sea heat ﬂuxes (the sum of latent and sensible heat) obtained from
WHOI OAFlux archive [Yu et al., 2008] are complementarily employed. Sea level anomalies (SLA) used in this
study are data merged from the TOPEX/POSEIDON, GFO (Geosat Follow-On), Jason-1, Envisat, and ERS satel-
lites provided by AVISO (ftp://ftp.aviso.oceanobs.com/global/dt/upd/msla/merged/) on a regular 0.258 grid
every 7 days from October 1992 to December 2012. The merged product combines data from different mis-
sions and has fewer mapping errors and better spatial coverage than products based on one satellite alone
[Ducet et al., 2000]. Large-scale surface air temperature employed in the study is obtained from ERA-Interim
Reanalysis [Dee et al., 2011]. We also use time series of surface air temperature from a meteorological station
located at the northern edge of the Gulf of Aqaba (Eilat). Data recorded by this station are freely available at
http://www.iuieilat.ac.il/Research/NMPMeteoData.aspx.
The weekly (8 day composites) satellite remotely sensed ocean color (Chl a) and SST data set were acquired
from NASA’s Oceancolor web base (http://oceancolor. gsfc.nasa.gov). The Moderate-resolution Imaging
Spectroradiometer (MODIS on board the Aqua platform) 4 km resolution data sets were processed for the
period 2002–2014. To avoid the solar radiation bias in the remotely sensed SST observations, which occurs
during the day-time (from surface heating), only the nighttime product was acquired. Satellite SST observa-
tions have been used before in the Red Sea to investigate seasonal and interannual variability, and more
detailed data description could be found elsewhere [Raitsos et al., 2011].
Regarding the near-surface Chl a estimates, the standard NASA algorithm (OC3) was used, that is routinely
processed by the Ocean Biology Processing Group at the Goddard Space Flight Center [Feldman and
McClain, 2012]. Satellite-derived Chl a data have known limitations especially in optically complex waters,
where particulate and/or dissolved organic matter do not covary in a predictable manner with Chl a [Morel
and Gentili, 2009]. Therefore, Chl a data may be inﬂuenced (generally resulting in an overestimation) by the
factors mentioned above, especially in the coastal waters and/or very shallow waters of the Red Sea (such
as coral reefs). A small portion of our study area includes such optically complex waters. However, the
potential overestimation of Chl a in such areas does not mean that all the coastal high chlorophyll values
are necessarily erroneous. For instance, large coral reef complexes may be sources of either nutrients or
chlorophyll-rich detritus that enhance phytoplankton production near the reefs [Acker et al., 2008]. In fact,
recent evidence clearly shows a highly signiﬁcant relationship between satellite and in situ Chl a at coral
reef areas of the Red Sea [Racault et al., 2015], including our study area. In addition, a reasonable agreement
between satellite-derived Chl a and in situ LiDAR ﬂuorescence-derived Chl a has been shown in the Red
Sea [Barbini et al., 2004]. Furthermore, a recent comparison between MODIS Chl a and in vivo ﬂuorometric
Chl a measurements collected over large spatial scales clearly indicated that the performance of the stand-
ard NASA chlorophyll algorithm is found to be comparable with other oligotrophic regions in the global
ocean, supporting the use of satellite ocean color in the Red Sea [Brewin et al., 2013].
2.2. Methodology
The main goal of this study is to explore the factors affecting the water renewal of the near-bottom layer in
the Red Sea. The dissolved oxygen (hereafter DO) concentration is a fundamental indicator to identify new
dense water formation. DO measurements, obtained by a CTD proﬁler (SBE-19 model) and calibrated against
sea water sampling [Carpenter, 1965], are used to trace the ventilation of the water column and particularly
the renewal of the near-bottom layers. As the deep ventilation is intimately dependent on the surface water
cooling, SST satellite observations are employed to show year-to-year winter SST characteristics and to detect
the potential origin of the Red Sea deep water. Furthermore, SST is used to trace upwelling events over the
northern Red Sea and their possible relation to dense water formation. Upwelling events are also related with
cyclonic eddies and we use satellite observations of SSH to explore the surface circulation over the northern
Red Sea. Since the surface phytoplankton blooms in the northern Red Sea are dependent on nutrients emerg-
ing from deeper layers [Raitsos et al., 2013; Triantafyllou et al., 2014], temporal variation of Chl a is also ana-
lyzed to describe the intensity of upwelling events. Finally, the atmospheric forcing over the northern Red Sea
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is examined using reanalysis data for air-sea heat exchange and surface air temperature, and air temperature
from a meteo station located at Eilat (northernmost edge of the Gulf of Aqaba).
3. The Regularity of the Deep Water Formation
Historical oceanographic cruises in the Red Sea, though rare, started in 1935. Hydrographic data collected
thus far consistently show that the near-bottom layer is more oxygenated than the overlying layers every-
where in the basin [Morcos, 1970; Morcos and Soliman, 1974; Wyrtki, 1974; Cember, 1988; Woelk and Quadfasel,
1996; Soﬁanos and Johns, 2007]. This pattern indicates that deep water formation takes place over the north-
ern part of the basin and sustains the ventilation of the deep Red Sea layers on a long-term basis. However,
the ventilation events may show strong interannual variability in the origin and the amount of the deep water.
CTD casts carried out during the recent KAUST and KFUPM expeditions suggest that the potential tempera-
ture of the deep waters in the Red Sea is considerably steady. Sea water below 500 m is characterized by
potential temperature between 21.408C and 21.508C. This range narrows for the water column below the
depth of 1000 m where potential temperatures are between 21.408C and 21.458C. At the same time, salinity
below 250–300 m is constantly greater than 40.50 and ranges between 40.55 and 40.57 at depths greater
than 1000 m throughout the Red Sea. As the potential temperature is a conservative property of the sea
water, any surface water that obtains a temperature less than 21.408C has the potential to reach the bottom
layer provided that an appropriate salinity coexists. In fact, due to entrainment of warmer subsurface water
during the sinking of the surface water, this temperature should be lower but still remains a practically abso-
lute threshold for identifying areas of potential contribution to the deep water feeding.
Figure 2 shows composite (average values based on a number of grid points) satellite-derived SST time series
representative for different areas (shadowed in Figure 1b) of the northern Red Sea for the period 2002–2014.
During winter, the waters inside the Suez Gulf are by far the coldest waters in the region, reﬂecting the direct
inﬂuence by air masses coming from higher latitudes and the limited water volume of the shallow gulf. The
average SST of the Suez Gulf is colder than the theoretical threshold of 21.408C for a considerable time every
winter. At the same time, data obtained from the National Oceanographic Data Centre (NODC) and several
cruises show that the salinity inside the gulf is the highest over the whole Red Sea with values 42–44 [Soﬁanos
and Johns, 2015]. Thus, dense water of Suez origin is expected to contribute every year to the near-bottom
ventilation of the Red Sea. Although several works attempted a volume estimation of the annual deep water
formation [Wyrtki, 1974; Mallard, 1974; Murray et al., 1984; Biton and Gildor, 2011a; Soﬁanos and Johns, 2015],
the precise amount and the mechanism of the formation are still practically unknown.
The Gulf of Aqaba is the second coldest area among those considered in Figure 2. If we take into account
that its northern part is characterized by even lower temperatures than the average presented here, and its
higher salinity compared with the open Red Sea [Morcos, 1970; Paldor and Anati, 1979; Pl€ahn et al., 2002],
the Gulf of Aqaba should be also considered as a regular supplier of Red Sea near-bottom waters. Figure 3
shows the proﬁles of the DO concentration from CTD casts carried out just inside and outside the Gulf of
Figure 2. MODIS SST spatially averaged time series for the Gulf of Aqaba (black line), the southern part of the Gulf of Suez (blue), the west-
ern part of the northern Red Sea (magenta), and the eastern part of the northern Red Sea (red). The green line depicts the Red Sea deep
water potential temperature.
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Aqaba during two recent oceanographic cruises (November 2013 and March 2015). The distance between
the two stations is 14 nm with the sill (300 m according to a recent multibeam survey) of the Strait of Tiran
between them (Figure 3a). Inside the Gulf, the whole column is characterized by water rich in DO with con-
centrations varying little with depth. It is noteworthy that surface waters in November 2013 (Figure 3b) con-
tain only 0.2 mL/L more DO than those overlying the bottom. The difference in DO between surface and
near-bottom water increases to 0.5 mL/L in March 2015 (Figure 3c). This implies active ventilation of the
entire water column inside the gulf, yet presenting considerable temporal variability. Just a few miles out-
side the Aqaba Gulf, the DO proﬁles obtained in both cruises are dramatically different. The ﬁrst 150 m of
the water column are well oxygenated with values around 4 mL/L(DO saturation >90%). A progressive
decrease of DO is observed reaching a minimum value of 0.9 mL/L (March 2015) and 1.5 mL/L (November
2013) at 600 m. Deeper than 600 m, the DO concentration increases again to reach slowly a secondary max-
imum of 1.75 mL/L (March 2015) and 2.3 mL/L (November 2013) just over the bottom. Although the open
sea proﬁle provides evidence of deep water oxygenation, the deep water, compared to that inside the Gulf,
has a signiﬁcantly reduced DO, revealing a limited volume of water outﬂow from the Aqaba Gulf. This is in
agreement with several earlier studies [Cember, 1988; Pl€ahn et al., 2002; Biton and Gildor, 2011a,b].
Water exchange between the Gulf of Aqaba and the open northern Red Sea takes place through a two-
layered circulation with surface inﬂow of relatively fresher water and subsurface outﬂow of saltier water
[Murray et al., 1984]. The water ﬂowing from the Aqaba Gulf is denser than the open Red Sea water of the
same depth as shown by potential density (sigma-theta) transects inside and outside the Gulf for the cruises
conducted in 2013 and 2015 (Figure 4). This is in agreement with the results of the study carried out by
Manasrah et al. [2004]. However, the density at the bottom of the sill exhibits signiﬁcant temporal variability
(Figure 4). The higher the density of the water ﬂowing outside the gulf, the higher the possibility of that
water to reach the near-bottom layer of the open Red Sea. As this dense water ﬂows out from the Gulf of
Aqaba, it sinks piercing the layer of minimum DO (500–600 m) observed in the open Red Sea, while its DO
decreases considerably due to entrainment. Indeed, all of the DO proﬁles observed in the northern Red Sea
(Figure 5) show an intermediate DO minimum at a depth around 500–600 m. This intermediate DO mini-
mum indicates that dense water sinks to reach the bottom in the open northern basin laterally with the
incoming water to be advected along the northern slope of the Red Sea. Again, this is in full agreement
with the ﬁndings of previous studies [see Soﬁanos and Johns, 2007, Figure 5].
Average SST values representative of the western and eastern parts of the northernmost Red Sea (Figure 2)
along with salinities observed over the northern Red Sea show that these two regions have the lowest pos-
sibility of producing water dense enough to reach the near-bottom layers. Nevertheless, water temperature
and salinity found in the near-bottom layer of the Red Sea can be observed in the surface layers over the
northern end of the open Red Sea. Several studies refer to salinities higher than 40 observed over the open
Figure 3. (a) Location of the two CTD stations carried out in November 2013 and March 2015 and the corresponding dissolved oxygen
proﬁles (b) for 2013 and (c) for 2015 just inside (blue) and outside (red) the Gulf of Aqaba.
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northern basin [Morcos, 1970; Mallard and Soliman, 1986; Quadfasel and Baudner, 1993; Woelk and Quadfa-
sel, 1996; Soﬁanos and Johns, 2007]. Furthermore, in the frame of a long-term monitoring project over the
northeastern part of the Red Sea conducted by KFUPM, salinity measurements consistently ranged between
40.6 and 42.1 at two different coastal sites in June 2011 and September 2012. Thus, it is quite possible that
salinity values higher than 40.55 can be occasionally found in the northernmost coastal areas along with
appropriate cold temperatures. In terms of temperature, several winters such as those of 2004, 2007, 2008,
and especially that of 2012 show average SST very close or even lower than 21.48C, mainly at the western
part of the northern Red Sea. Therefore, it is plausible that dense water may originate from shallow coastal
areas and from there, it sinks to reach the deep layers of the Red Sea.
4. Warm and Cold SST Events
The amount of water that ventilates every winter the near-bottom layers of the Red Sea is mostly expected
to follow the intensity of the atmospheric forcing. The total contribution from the Gulfs of Suez and Aqaba
Figure 4. Potential density transects for the water column deeper than 150 dbars (db) in (left) the open northern Red Sea and (right) the Gulf of Aqaba from the cruises conducted by
KFUPM in (a) November 2013 and (b) March 2015. The thick black line in the Aqaba Gulf section corresponds to the sill depth. The 28.6 isopycnal is plotted for a better discrimination of
the density distribution in the sill depth and near-bottom layers inside and outside the gulf, respectively.
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to the deep layers of the Red Sea is estimated between 0.05 and 0.1 Sv [Soﬁanos and Johns, 2015]. A ques-
tion arising here is if there are additional factors favoring or impeding the dense water formation over the
northernmost end of the Red Sea. Between the autumns of 2011 and 2012, a noticeable increase of DO in
the bottom layers was observed over the northern part of the Red Sea (Figure 5). In February and March of
2013, during the KAUST 2013 Red Sea Expedition, a similar increase in the near-bottom DO was detected,
even at the central part of the basin. Spatially averaged SST values representing the northern basin suggest
that this increase in DO could be attributed to the onset of newly formed deep water resulted by the abnor-
mal surface cooling during the winter of 2012. Indeed, the time plots of Figures 2 and 6a show that the win-
ter of 2012 exhibits the coldest SST in the last 12 years 2003–2014 for all areas considered. The 2012 event
also coincides with a signiﬁcant increase in Chl a concentration over the northernmost part of the Red Sea
(Figure 6b). This reﬂects to extensive transfer of nutrient-rich deep water to the surface layers. Since the sur-
face cooling is typically linked to the observed net air-sea heat exchange (Qnet), the temporal variability of
Qnet is of high interest. Figure 5c shows the winter mean Qnet derived by MERRA archive, spatially averaged
to represent the open northernmost part of the Red Sea. The winter mean is the average of the monthly
mean values for November, December, January, and February (NDJF). We select these four speciﬁc months
because during NDJF the maximum heat loss is observed over the northern Red Sea. Interestingly, Qnet
shows that the strongest heat loss from the sea surface occurred not in the winter of 2012 but in that of
2008. On the other hand, the mean Qnet of the warmest winter in 2010 is not the highest in the 12 years
2003–2014. In addition, this warmest winter is also associated with a minimum Chl a concentration indicat-
ing low nutrient availability due to limited vertical mixing. Indeed, the northern part of the Red Sea follows
the typical plankton-climate link seen in the tropics, where stronger thermal stratiﬁcation during warmer
climate periods reduces vertical mixing (lowering the supply of nutrients from deeper waters), and limits
phytoplankton growth [Raitsos et al., 2015].
Examining carefully Figure 6, we observe that even in winters with commensurate SST minima like the ones
that occurred in 2007 and 2008 (Figure 6a), the corresponding Qnet varies disproportionally (Figure 6c). As
mentioned above, the winter of 2008 displays the strongest heat loss from the sea to atmosphere (lowest
Qnet) indicating that during that winter the northern part of the Red Sea experienced the strongest atmos-
pheric forcing. However, the lowest SST is observed during the winter of 2012. To compare the difference in
the atmospheric forcing between those two winters, we show the winter (NDJF) mean anomaly of the air
temperature over a broad area surrounding the Red Sea for both 2008 and 2012 (Figures 7a and 7b). Both
exhibit negative air temperature anomalies over the northern half of the Red Sea and neighboring areas
(Middle East, Arabian Peninsula, and Northern Africa), but the winter in 2008 was colder than the one in
2012, with a lower surface air temperature around 18C on average. This is also inferred by the air
Figure 5. Dissolved oxygen proﬁles for the stations (a) NRS5, (b) NRS4, and (c) NRS3 obtained in March 2010 (red), October 2011
(magenta), and November 2012 (blue).
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temperature recorded in Eilat (northernmost edge of the Gulf of Aqaba, Figure 7c). In terms of air-sea heat
ﬂux, turbulent components are the fundamental factor regulating the sea surface cooling. Radiative terms
are much more stable than turbulent terms and contribute only by a small fraction to the air-sea heat ﬂux
variability over the northern Red Sea [Papadopoulos et al., 2013]. In accordance to Qnet and to air tempera-
ture, OAFlux turbulent components show a weaker surface heat loss during the winter of 2012 than in that
of 2008 (not shown). Figures 6a and 6b also suggest that winters of similar SST are associated with dissimilar
Chl a concentrations. This insinuates a source of uplifting nutrients different than deep mixing. Chl a bloom
is intimately dependent on nutrients supply, which in turn, in areas like the oligotrophic northern Red Sea
[Weikert, 1987; Labiosa et al., 2003; Acker et al., 2008; Raitsos et al., 2013] is mostly regulated by deep mixing
or upwelling events.
The overall picture suggests that additional factors, acting synergistically with the heat loss from the sea
surface, have generated the exceptional low SST observed in 2012 winter over the northernmost part of the
Figure 6. (a) Composite MODIS SST time series for the open northern Red Sea with the warmest (red) and the coldest (blue) winter
observed during the 12 years 2002–2014; (b) as in Figure 6a but for the chlorophyll a; (c) winter (NDJF) mean Qnet averaged for the open
northern Red Sea.
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Red Sea. For example, lower than
average SST during autumn and early
winter generates a favorable precon-
dition in producing cold events. In
that case, a typical surface heat loss
during winter can generate dispropor-
tional low SST. Factors propitious to
create a preconditioning like the
above include reduced air-sea heat
ﬂux prior to the forthcoming winter,
blocking of warm water advection
from the southern Red Sea, persistent
upwelling events, and anomalous
exchanges with the adjacent gulfs.
The unusual high Chl a concentration
observed in 2012 suggests that the
occurrence of a persistent upwelling
prior and during the winter of 2012
should be explored.
5. The Role of the Cyclonic
Gyre
The Red Sea surface circulation
includes several cyclonic and anticy-
clonic gyres, some of them to be year-
round features. A cyclonic gyre pre-
vailing over the northern Red Sea cen-
tered between 268N and 278N has
been documented by several observa-
tional and modeling studies [Morcos,
1970; Morcos and Soliman, 1974; Mal-
lard, 1974; Clifford et al., 1997; Eshel
and Naik, 1997; Soﬁanos and Johns,
2003, 2007; Triantafyllou et al., 2014;
Zhan et al., 2014]. The signiﬁcance of
this cyclonic gyre, in terms of a water
pump that uplifts subsurface water,
has been already marked. According
to Soﬁanos and Johns [2003], the gyre
circulation favors intermediate water
convection and about two thirds of
RSOW is predicted to be produced in
this cyclonic gyre during winter under
strong buoyancy forcing. Occasional strengthening of the gyre gives rise to upwelling events like the ones
clearly featured by SSH and SST data shown in the gyre snapshots of Figure 8. Moreover, gyre-related
upwelling should be an occasional provider of nutrients transferred to the oligotrophic surface layers from
nutrient-rich deeper layers [Williams, 2011].
To explore the gyre’s temporal variability and its conditional role in regulating the SST over the northern Red
Sea, we constructed an upwelling-proxy time series based on MODIS SST. This proxy is based on the difference
of the SST between each of the two potential outer ﬂanks of the gyre and its central part as depicted in Figure
9a. Upwelling is considered when both differences are positive (outer temperature greater than inner temper-
ature). Time series for the upwelling proxy is presented in Figure 9b. Upwelling is very active before and dur-
ing some winters with the lowest SST, like the ones in 2007 and especially in 2012. We investigate the
Figure 7. Mean winter (DJF) air temperature anomaly (8C) for (a) 2008 and (b) 2012
and (c) monthly mean air temperature from Eilat meteo station.
Journal of Geophysical Research: Oceans 10.1002/2015JC010996
PAPADOPOULOS ET AL. DEEP WATER FORMATION IN THE RED SEA 7501
potential effect of the gyre on winter SST over the northern Red Sea analyzing two cases with different
characteristics.
In terms of atmospheric forcing (expressed by Qnet), winters of 2007 and 2009 are similar (Figure 6c). In spite
of this similarity, SST is lower during winter of 2007 (Figure 6a). In addition, surface waters are richer in Chl a
in the winter of 2007 in comparison with 2009. Figure 9b shows that upwelling events are more often and
stronger during autumn and December of 2006 than the same period in 2008. This indicates a more active
cyclonic gyre just before the arrival of the winter in 2007 than in 2009. Indeed, the 6 month (July–December)
mean SSH-induced circulation is clearly stronger in 2006 than in 2008 (Figure 10, top). The long-lasting gyre
activity lifts subsurface colder and richer in nutrients water. This precondition results ﬁnally in lower SST and
higher Chl a concentration in 2007 than 2009 under similar atmospheric forcing.
The comparison between the
winters of 2010 and 2012 is
more characteristic. Cyclonic
gyre is very active almost
throughout 2011, and similarly
to 2006, uplifts to the surface
colder water and creates a long-
term negative SST anomaly
over the northern Red Sea.
From the years considered here,
2011 exhibits the most persis-
tent upwelling event as inferred
by the proxy time series. On the
arrival of 2012 winter, surface
layers over the northern Red
Sea are colder than usual due to
preexisting long-term upwell-
ing. Though it is a mildly cold
winter, it ﬁnally produces the
lowest observed SST in the last
12 years. At the same time, per-
sistent functioning of the
cyclonic gyre provides signiﬁ-
cant amount of nutrients to the
oligotrophic northern Red Sea.
Figure 8. Indicative snapshots of the cyclonic gyre over the northernmost part of the Red Sea in October 2006 as derived by (left) monthly
mean AVISO sea surface height and (right) weekly MODIS SST.
Figure 9. (a) The MODIS grid and the locations (W: western part, C: central, and E: eastern)
over which spatially averaged SST were taken to check upwelling events; (b) upwelling
events expressed as the mean of W-C and E-C when both are positive.
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Consequently, the winter of 2012 is associated with exceptionally high Chl a concentration. On the contrary,
during the second half of 2009, prior to the warmest 2010 winter, the proxy shows weak gyre activity which
in combination with weak atmospheric forcing results in the warmest winter SST of the 12 years. In addition,
the low gyre activity suspends the nutrient supply from the deeper layers, which is reﬂected in the lowest
Chl a concentration observed in 2010 winter. The dissimilar gyre activity in the second halves of 2009 and
2011 is obvious in SSH-induced circulation (Figure 10, bottom).
6. Concluding Remarks
The near-bottom water renewal in the Red Sea is a vital process and an eminent climatic signal for the
basin. The exact origin and the formation mechanism of the near-bottom water in the Red Sea are practi-
cally unexplored. However, a series of studies analyzing data obtained during sparse oceanographic cruises
or evaluating model outputs show that the very deep water of the Red Sea originates from the northern-
most part of the basin, mostly from the Gulfs of Aqaba and Suez. The investigation of 12 year 4 km resolu-
tion MODIS SST and the ﬁndings of several hydrographic surveys suggest that formation of near-bottom
water is a robust feature of the Red Sea overturning circulation. The amount of newly formed deep water is
primarily a function of the intensity of the surface heat loss and shows considerable interannual variability.
Figure 10. Six month mean (July–December) of sea surface height (SSH) and the SSH-induced sea surface circulation for (top left) 2006,
(top right) 2008, (bottom left) 2009, and (bottom right) 2011.
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Suez and Aqaba Gulfs are the regular
sources of the Red Sea near-bottom
water. However, parts of coastal areas
over the far north of the basin may also
contribute, though occasionally. This
water is dense enough to sink following
the lateral slope path reaching the bot-
tom layers. A schematic representation of
the deep water renewal in the northern
Red Sea is depicted in Figure 11.
Apart from the atmospheric ﬂuxes, the
interannual variability of deep water for-
mation is also affected by the general
oceanic circulation of the northern Red
Sea. Analysis of satellite SST observations
shows that persistent upwelling over the northern part of the basin occurring before and during winter
leads to lower than normal SST. This sets a favorable precondition for intermediate and deep water for-
mation even under winter conditions that cannot be characterized as extreme. The main expression of
upwelling over the northernmost part of the Red Sea is the intermittent cyclonic gyre centered around
268N–278N. The strengthening (weakening) of the gyre can amplify (moderate) the winter surface cooling.
At the same time, the gyre behavior signiﬁcantly inﬂuences the phytoplankton bloom intensity that typi-
cally occurs in late February to early March in the open northern Red Sea. When the gyre is persistent, it
raises adequate amounts of nutrients from the deeper layers leading to higher than usual Chl a concen-
trations. Changes in phytoplankton, the base of the marine food chain, inﬂuence every trophic level
(including ﬁsh), and, in particular, may have profound repercussions for the functioning of coral reefs, and
consequently for society.
Our study suggests that the cyclonic gyre over the northern Red Sea modulates the SST, which in turn regu-
lates the intermediate and deep water formation process. Therefore, a future study devoted to the potential
factors controlling the temporal variability of the gyre will be of particular interest. At the same time, further
investigation is required to elucidate several aspects of the deep water formation in the Red Sea. The annual
volume of the newly formed deep water entering the open sea from each of the Gulfs of Aqaba and Suez
along with the role of the atmospheric forcing is matters that remain unclear. Our results highlight the
importance of a multidisciplinary research effort aiming at a detailed description of the mechanism that
renews the near-bottom water and sustains the ventilation of the deepest Red Sea ecosystem.
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